Introduction 34
An increase in energy demands, price volatility and concerns over climate change (as 35 a result of greenhouse gas emissions) have resulted in increased interest in the 36 development of alternative energy sources to fossil fuels [1] . The quest for sustainable 37 and environmentally benign sources of energy has become urgent in recent years [2] . 38 Biofuels, produced from biomass such as plants and organic waste, could help reduce 39 the world's dependence on oil and could reduce CO 2 production [3] . The advantage of 40 biofuels over traditional fuels, include greater energy security, reduced environmental 41 impact, foreign exchange savings and socioeconomic benefits related to the rural 42 sector [4] . 43 44 Biofuels are divided into three categories; "first", "second" and "third" generation [5] . 45 Such divisions are not universally accepted but for the purposes of this review the 46 following definitions apply: first-generation biofuels are predominantly created from 47 feedstocks that have traditionally been used as food. Second-generation biofuels are 48 derived from non-food feedstocks and are deemed to be more sustainable and have a 49 lower impact on food production. Third-generation biofuels, like second-generation 50 biofuels, are made from non-food feedstocks, but the resulting fuel is 51 indistinguishable from its petroleum counterparts. These fuels are also known as 52 advanced biofuels or green hydrocarbons. 53 54 Questions regarding the sustainability of first-generation biofuels exist in relation to 55 the impact on biodiversity, land-use and competition with food crops [3] . The 56 transition from first and second-generation to third-generation biofuels offers a 57 reduction in land requirement. This is due to higher energy yields per hectare as you 58 move along this transition and to utilisation of non-agricultural land. 59 product of farming systems that must be managed [17] . Given the high nutrient 85 contents of these materials, it is far more appropriate for them to be considered as 86 organic fertilisers, and as such are a potential valuable commodity to the farmer. With 87 higher and more volatile chemical fertiliser prices in recent years, the fertiliser 88 replacement value of these materials (in economic terms) is increasing. Therefore, the 89 management of agricultural 'wastes' in a manner that maximises the nutrient recovery 90
and fertiliser value to crops should be a priority within any management plan for these 91 materials. Utilising such nutrient sources to facilitate algal growth could be 92 considered an alternative agricultural enterprise, especially where management 93 practices are not currently in place. 94
This review does not comment on potential algae growth rates from specific nutrient 95 input sources. Such a review is outside the remit of the current study and would need 96 to examine lipid/carbohydrate contents or lipid/carbohydrate productivities of algae 97 grown on wastewaters. Instead the current study: 98 1. Reviews the nutrient content of a) agriculturally derived organic fertilizers and 99 b) runoff and drainage water; both of which could be potentially used to 100 facilitate biomass growth. 101 2. Reviews nutrient type and contents of agricultural wastes used in algal growth 102 studies and investigates the feasibility of using such nutrient sources. 103
Presents Ireland as a case study and investigates which potential nutrient sources 104
would be the most feasible alternative to inorganic fertilizer inputs to facilitate 105 algal growth. 106 107
Agricultural nutrient sources 108
Nutrients support the primary production of all terrestrial and aquatic flora and fauna. 109
However, over-enrichment of nutrients in freshwater, particularly phosphorus (P) and 110 nitrogen (N), can cause a shift in the species structure of an aquatic ecosystem, which 111 can lead to excessive growth of algae. Nutrient losses from agricultural systems can 112 result in algal blooms with subsequent eutrophication of rivers and estuaries after cell 113 death and microbial decay ( [18] ; [19] ). The transport of P and N from agricultural 114 land to aquatic systems occurs through 1) critical losses from the soil (nutrients build 115 up quickly in soils and such accumulations can take many years to decline in 116 concentration, even when no further inputs occur in the system) and 2) incidental 117 losses where fertilization is followed by a storm [20] has average trigger values for the onset of eutrophication of 37 µg TP L -1 and 1.60 mg 136 TN L -1 , which were derived for lowland rivers and 50 µg TP L -1 and 0.44 mg TN L -1 137 for freshwater lakes. 138
139
The nutrient concentrations in organic and inorganic fertilisers far exceed such 140 eutrophication trigger values. When flow data are coupled with concentration data, a 141 load can be calculated. In the long term, total nutrient loads (kg m 2 yr) lost from 142 grassland can be considered a better indicator of the risk of algal blooms in waterways 143 than the concentrations in runoff or in stream concentrations. This is because the total 144 amount of P available determines the final biomass, rather than the growth rate, of 145 aquatic plants and algae [28] . 146 147 Microalgae typically depend on sufficient supplies of carbon (in the form of CO 2 ), 148 light (although some species do not require CO 2 or light [29]) and nutrients [11] to 149 undertake photosynthesis and biomass growth. The nutrient requirements for the 150 majority of microalgae include N, P and potassium (K), with the amounts required 151 being species specific. These requirements could be catered for by dilute agricultural 152 manure, dirty water, runoff or drainage water. In general, the nutrient requirements of 153 algae are low -at concentrations <0.2 µmol P L -1 , phosphate availability in the growth 154 medium is a growth-limiting factor [30] . Nitrate availability must remain >0.2 µmol N 155 L -1 to ensure growth [31] . Such low nutrient requirements infer that the majority of 156 agricultural wastes would be suitable substitutes for inorganic fertiliser for 157 commercial algae production [8]. Establishing critical thresholds for concentrations of 158 N and P is important for algal growth [32], but as stated previously, these thresholds 159 are species specific. The N: P ratio of 7:1 (Redfield ratio) is the range for balanced 160 nutrients in algae [33], higher ratios result in P limitations and a reduction in algal 161 growth [28] . Table 1) . Where 179 no slurry management system is in place, or where surpluses occur, one alternative to 180 land application could be to use this nutrient-source to commercially grow algae. 181
Algae utilise the N and P present, converting nutrients into biomass [43] . This 182 biomass may then be exported for commercial uses or recycled on the farm as feed, 183 compost or fertiliser. Pizarro et al. [44] presented a nutrient-flow chart, using a 1000 dairy cow unit as an example, showing both off-farm (outlined in reviews stated 185 above) and on-farm uses (land application from composted algae and surplus biomass 186 from raceways fed by digested manures) of algal biomass. From an N perspective, 187 inputs to the system were 1.5 x 10 5 kg N in feed, outputs were 4.2 x 10 4 kg N in milk 188 (meat was not mentioned), with 1. sequestration studies in the U.S. The algal nutrient removal rates from the manure in 203 this study were very high: 3.68 ± 2.55 µmol min -1 g -1 DW for NH 4 -N and 0.40 ± 0.08 204 µmol min -1 g -1 DW for PO 4 -P for a 4% manure dilution. The study highlighted the 205 importance of maintaining pH during the incubation phase between 7 and 7.5, as pH 206 greater than 8.5 (caused by photosynthesis) resulted in ammonia volatilisation and 207 precipitation of P with reduced algal growth. Using a typical dairy manure input 208 containing 0.6 -0.96 g TN day -1 , the dried algal yield was approximately 5 g m -2 day -1 . 209
The dried algae contained approximately 1.5-2% P and 5-7% N. Algal N and P 210 accounted for 42-100% of input NH 4 -N (33-42% of TN) and 58-100% of input TP 211 respectively [46] . 212 213 Using dairy manure, Mulbry and Wilkie [46] studied the production of benthic 214 freshwater algae. Using TN loading rates of 0.64 to 1.03 g m -2 d -1 , the dried algal 215 yields were 5.3 to 5.5 g m -2 d -1 . The dried algae contained 1.5 to 2.1% P and 4.9 to 216 7.1% N. At a DM yield of 5.5 g m -2 d -1 , this is the equivalent to an annual N uptake of 217 1430 kg ha -1 yr -1 . 218
219
It is important to note that the process of methanogenic or psychrophilic anaerobic 220 productivity in these studies ranged from 7 to 33 g m 2 day. To avoid algal growth 242 collapse, algae cultures must receive air enriched with 1 % CO 2 (this of course is 243 specific to the studies cited and not a general constant. Algae can also thrive on much 244 higher amounts of CO 2 (> 1%). Slight agitation and light exposure is also needed. 245
Cultures must maintain a significant biomass, greater than 300 mg DM L -1 in summer 246 and 250 mg DM L -1 in winter. Removal of ammonia-N was 0.5 mg L -1 d -1 in winter 247 and 4-8 mg L -1 d -1 in summer and the swine manure (nutrient content is presented in 248 respectively. In rapid drainage between the plots and a tile-drained catchment (13.3 321 ha) over nine rainfall events, losses were 171 to 630 g PM ha -1 mm -1 vs. 141 to 892 g 322 PM ha -1 mm -1 , and 0.57 to 1.75 g PP ha -1 mm -1 vs. 0.71 to 5.92 g PP ha -1 mm -1 , 323 respectively [86]. Therefore, runoff and drainage water collected before discharge to a 324 groundwater or surface waterbody has the capacity to support algal growth. 325 326
Capture of nutrients from runoff or artificial drainage systems 327
Runoff may be a result of infiltration or saturation excess, driven from variable source 328 areas (VSAs), which expand and contract seasonally, as well as during storm events 329 
Case study -Ireland 403
In Ireland the main focus within the dairy sector is a targeted 50% expansion by 2020 404
[117]. This planned growth will require efficient utilisation of grassland, as extra 405 production must primarily come from low-cost, grass-based production systems 406 requiring higher stocking rates, longer grazing seasons, and more intensive use of land 407 with some level of wetness limitations. Total dairy slurry production in Ireland is 408 estimated at 39.3 Mt per annum (Hyde, pers comm.) and is dominated by cattle slurry 409 (Table 3) undigested) utilised to grow algae in a number of studies are presented in Table 1 . As 419 can be seen from this table, the nutrient value of the manure is maintained following 420 anaerobic digestion, which has also been demonstrated by Dahlberg et al. [120] . 421 422 Manure production per agri-sector in Ireland is summarised in Table value of nutrients in slurry is related to its nutrient content, which is highly variable. 433 Such variability is due to differences in animal diet, animal type, and slurry dilution 434 with water. A dairy manure management strategy is already in place in Ireland (under 435 the Nitrates Directive) and research now aims to maximise the nutrient utilisation of 436 slurry. This means that dairy slurry is unlikely to be a viable source of nutrients for 437 algal growth in Ireland. However dairy slurry may be a viable option in international 438 agricultural systems e.g. intensive farms with surplus dairy manure (digested or 439 undigested). analysis showed that at distances over 50 km, the cost of transport of un-separated pig 479 slurry exceeded the value of nutrients in the slurry (at 2008 prices). As stated 480 previously, the Nitrates Directive restricts the grassland available for the application 481 of pig slurry due to soil test phosphorus restrictions. There has been renewed interest 482 in the disposal of excess pig manure, particularly in relation to landspreading on 483 tillage land. The majority of intensive pig production units are located in the north-east of Ireland, whereas the majority of the tillage growing areas are located at 485 distances greater than 50 km from intensive pig production units (in the east and 486 south-east of the country). As pig manure has a high N, P and K status, and nutrient 487 requirements of algae are low, the manure could be used in commercial algal 488 production plants. It would be most economical if algal growing plants were located 489 in relatively close proximity to the major pig production areas to reduce transportation 490 costs. A CO 2 source and a dilution facility could be located offsite or all three 491 elements merged together at the nutrient source or within the transport boundary. 492
Alternatively pig slurry could be transported to a bio-reactor facility and subsequently 493 the bi-products from this facility could be used to grow algae (see Table 1 for nutrient 494 contents). 495 496 Future research should focus on a financial assessment of using pig and poultry waste 497 surpluses to act as nutrient inputs for algal growth for the production of algal biomass 498 in Ireland. In addition, negative considerations should be examined when using 499 manure to grow algae such as: the presence of non biodegradable components of 500 manure such as heavy metals, micro-pollutants e.g. antibiotics and hormones, bacteria 501 and pathogens. 502
This case study focuses on Ireland, however, similar agricultural systems in other 503 countries e.g. Atlantic Europe [127] could also learn from this study.
Conclusion 505
This review has demonstrated that the nutrient content of agriculturally derived 506 organic fertilizers, runoff and drainage waters has the potential to facilitate algal 507 biomass growth. In particular, the review has shown that surplus manures that require 508 alternative management strategy for their effective utilisation (e.g. pig and poultry 509 manures), or bi-products from anaerobic digestion, are potentially the most viable 510 sources of nutrients to grow algae. However, prior to their use as a source of nutrients 511 for algal growth, feasibility issues such as variable nutrient contents amongst and 512 across source types, transparency issues and early and sustained nutrient loss during 513 the storage phase (N volatilisation and P precipitation) must be addressed. Agitation 514 and efficient nutrient testing before use may be a means of addressing some of these 515 feasibility issues. Further practical investigation regarding the growth of algal biomass 516 from surplus agricultural nutrient sources is required. 517 518 Fig.1 -Agricultural nutrient sources as alternatives to chemical fertiliser to grow algal 520 biomass. 521 522 Captions for Tables 523 Table 1 -Selection of studies used to create algal biomass utilising nutrients from 524 manures. 525 
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